Abstract. The present study used igneous provinces, mainly continental flood volcanics or oceanic plateaus, at times associated with regional updoming, major rifting and continental breakup, together with its precisely dated magmatic events, as indications for paths of plume activity. First-generation plumes -such as the Permo-Carboniferous European-northwest African "EUNWA", and the Jurassic Karoo and Northwest Australia -and convergent environments (Variscan Orogen, the Pacific and the Tethyan subduction zones, respectively) seem to be genetically associated. This may indicate that mantle plumes tend to be initiated by long-lived downwelling lithospheric slabs causing instabilities at the lower mantle boundary layers.
Introduction
The causes of repeated supercontinent breakups following intraplate deformation and intensive magmatic outpouring are still a controversial issue (Bott, 1992; Sheth, 1999) . Although some models suggest lithospheric extension and magmatism in response to subduction , plate tectonic reorganization (Anderson, 1994a, b) , or convective partial melting (Mutter et al., 1988) , the mantle plume model has gained widespread acceptance McKenzie, 1989, 1995; Richards et al., 1989; Kent, 1994; Storey and Kyle, 1997; Tackley, 2000) .
It is likely that large mantle plumes ascending from a thermal layer just above the core-mantle boundary (∼2800 km) are a result of lower mantle upwelling (Olson et al., 1990; Griffiths and Campbell, 1990) . Griffiths and Campbell's (1990) model predicts that such plume heads attain a diameter of 800-1200 km.
A common view of lower mantle upwelling is that it has the capacity to generate large quantities of basaltic magma (White and McKenzie, 1989; Campbell and Griffiths, 1990; Duncan and Richards, 1991; Schilling et al., 1992; Lanyon et al., 1993; Weaver et al., 1994; Coffin and Eldholm, 1994; Wilson and Guiraud, 1998) generally as continental flood volcanics (CFV) or flood basalts (FB), and oceanic plateaus. The overall area where extrusive and intrusive activity took place in relation to a mantle plume is termed an igneous province, and the relatively limited area where the igneous rocks have a plume signature is termed the plume province.
Since Morgan (1971) , the role of lower mantle upwelling in continental breakup has been discussed by many investigators (e.g. Courtillot et al., 1999; Segev, 2000a) . Segev (2000a) points out the evolutionary scenario in which parts of the oceanic basins developed after continental breakup resulting from plume activity. The penetration of such a plume head into the upper mantle is presumed to cause major stirring in the upper mantle convective cells ) and therefore causes antithetical circulation in the upper mantle.
A. Segev: Flood basalts and the dispersal of Gondwana: periodic migration of plumes Subsequently, the adjustment of this contradictory convection will produce divergent environments in the upper mantle convection cells that lead to continental extension, heating the base of the lithosphere, regional domal uplift, rifting and breakup of the continental lithosphere, massive igneous activity (flood volcanics), spreading and drifting.
The disintegration of the Gondwana supercontinent since Early Mesozoic times has been generally connected to CFVs; and the state of preservation of most of its continental fragments is excellent. Therefore, they serve best for testing the relationships between mantle upwellings (plumes) and the above and nearby plate behavior by means of vertical movements, magmatism, breakup and drifting (geological evidence). The drifting, or plate tectonics, which is suggested to be the surface expression of "normal" or upper mantle convection (Olson et al., 1990) was reconstructed on the base of seafloor magnetic anomalies (geophysical evidence).
This work, which is an interpretation and synthesis of evidence from many detailed studies dealing with the MesozoicCenozoic igneous provinces and the fragmentation of Gondwana, attempts to understand the spatial and temporal relationships between these provinces. Such knowledge may shed light on the evolution of upwelling mantle flows and their role in continental breakup processes. The evidence applied is:
(a) the distribution of igneous provinces and their associated principal rifts, which subsequently developed to oceanic spreading centers;
(b) reliable radiometric ages of the beginning and termination of the magmatic events caused by mantle upwelling;
(c) paleogeographic reconstruction and the tectonic setting of the relevant lithospheric plates.
By adopting mantle upwelling concepts, also termed mantle diapirs, mantle plumes and also called here upwelling mantle flow, the present paper first describes the initial geodynamic setting and the first generation plume activity in central Pangaea. This is followed by a description of the closely associated igneous provinces that developed along the same trend or path. A similar methodology is used for southern Gondwana, where the description begin with the Karoo igneous province, and in eastern Gondwana, with the northwest Australia igneous province.
Initial geodynamic setting and the first tectonomagmatic period in central Pangaea -the European-NW African province
The Carboniferous Variscan (Hercynian) orogen resulted from the collision of Gondwana, several Gondwana-derived microplates, and Laurussia (e.g. Franke, 1989; Ziegler, 1989 Ziegler, , 1990 Dallmeyer et al., 1995) during the final assembly stage of the Pangaea supercontinent (Fig. 1 ). The regional stress field reorganized from compression to post-convergent extension at about 305 Ma (Ziegler, 1990; Burg et al., 1994) , or even earlier at about 320 Ma when the associated magmatism began (reviewed by Henk, 1999) . It resulted primarily not from the gravitational forces inherited from the Variscan crustal thickening but from other tensile forces (Henk, 1999) . Possible forces were:
(a) external (tectonic) -plate boundary forces (e.g. Dewey, 1988) , far-field stresses related to a dextral translation of Gondwana relative to Laurussia (Ziegler, 1990 (Ziegler, , 1993 ; and (b) internal (buoyancy) -mantle upwelling, active mantle plume.
The post-convergent extension is typified by crustal thinning, low viscosity of the lower crust, significant uplift, formation of numerous sedimentary basins (basin-and-range type, Lorenz and Nicholls, 1984; Ménard and Molnar, 1988) and widespread alkaline/subalkaline magmatism between ∼320 and 240 Ma, which started in the Moldanubian Zone and spread outward toward the forelands. At the Oslo rift the magmatism lasted between 300 and 240 Ma (Neumann et al., 1992) . These magmas derived from partial melting of lower crustal rocks as well as mantle-derived melts (Lorenz and Nicholls, 1984) . Doblas et al. (1998) reviewed this igneous activity and enlarged its province toward northwest Africa (Europeannorthwest African province -EUNWA). By suggesting a super-plume activity in this province (Fig. 1) , the latter authors followed the mantle uprising hypotheses of Lorenz and Nicholls (1976) and Ziegler (1990) . During the same . Simplified tectonomagmatic setting in the Late Permo-Carboniferous times. Plate reconstruction mainly after Sengör et al. (1984) , and the East Mediterranean after Garfunkel (1998) . The magmatism is mainly according to Doblas et al. (1998) and Wilson and Guiraud (1998) . The location of the postulated European northwest African (EUNWA) plume head is according to Doblas et al. (1998). time, an extensive rift system developed in northern Europe (e.g. Oslo Rift, Skagerk Graben, and North German Basin) (Ziegler, 1990) . Van Wees et al. (2000) interpreted the wrench faulting, uplifting, erosion, and intense magmatism in the North German Basin as due to localized divergent wrench-induced decompression melting of the asthenosphere and lithospheric boundary layer.
The Levant and NE Africa area, which was affected by major uplifting, rifting and magmatism, was situated at the SE edge of the EUNWA province. From the limited available geochronological evidence, we can presume magmatic events at ca. 275, 260 and 245 Ma (Segev, 2000a, b; Segev and Eshet, in press, 2003) .
The disintegration of the Hercynian orogen marked the beginning of the dispersal of the Pangaea supercontinent, and the main rift/drift southeastward from the EUNWA igneous province caused the northward drifting of the Cimmeride micro-continent (Sengör et al., 1984; Guiraud, 1998; Stampfli, 2000) by the opening of the Permo-Triassic Neotethys (Fig. 2) .
The southwestern (Central Atlantic) path

The Jurassic Central Atlantic province
The large igneous province (ca. 5000 km length) in northwest Gondwana (after White and McKenzie, 1989; Hill, 1991; McHone, 1996; Wilson, 1997; Wilson and Guiraud, 1998) represents the extension, breakup and the formation of the Central Atlantic Ocean (Fig. 3) . The eastern part of this province extends from Iberia (Europe) in the north (Sebai et al., 1991 , Deckart et al., 1997 through West Africa (Morocco, western Algeria, Mauritania, Mali, Guinea, Liberia) to northern South America (Guyana, Surinam, French Guyana, and northern Brazil -Maranhão, Roraima, Anari and Tapirapuã) (Deckart et al., 1997; Baksi and Archibald, 1997; Marzoli et al., 1999) . The western part extends over North America's eastern margins, from Nova Scotia, Canada, in the north down to South Carolina, U.S. (e.g. Sutter, 1985; Dunning and Hodych, 1990; Hodych and Dunning, 1992) .
Many 40 Ar/ 39 Ar ages as well as U/Pb zircon ages (see above-mentioned references; reviewed in detail by Segev, 2000a) Sengör (1979) and Guiraud (1998) . Distribution of magmatism is according to Hill (1991) , Deckart et al., (1997) , Wilson (1997) , Wilson and Guiraud (1998) , Segev (2000b) and Marzoli et al. (1999) . The location of the Central Atlantic plume head is according to White and McKenzie (1989) , McHone (1996) and Wilson (1997) , whereas the postulated Western Tethyan plume head is according to Segev (2000a) . For geochronological data see text. Abbreviations.: EEratosthenes; T. B. -Tauride Block; G -Guinea; SL -Sierra Leone; AM -Amapá; Gu -Guyana; R -Roraima; M -Maranhão; A -Anari; and T -Tapirapuã.
The young magmatic phases are 159-160 m.y. in northern Brazil (Baksi and Archibald, 1997) , and bimodal alkaline transitional basalts and peralkaline rhyolites of 146.7±1.6-143.1±1.5 m.y. from the northern Benue Trough (Maluski et al., 1995) , and along the Liberian margin (Martin, 1982) , Equatorial Atlantic. Oliveira et al. (1990 ), Hill (1991 ), McHone (1996 , Wilson (1997) and Wilson and Guiraud (1998) connect this igneous province to a plume.
The Cretaceous West Africa-Equatorial Atlantic province
After a very short quiescence, the next magmatic events in the northern Benue Trough (Fig. 4) , were between 138.8±1.8 and 130.7±2.7 Ma, ca. 123.1±1.6 Ma and ca. 106 Ma (Maluski et al., 1995) . Volcanoclastic deposits along the Ghanean margin, West Africa, yielded 120-125 Ma (Reyre, 1984 Wilson and Guiraud (1992, 1998) (Conway, 1990; Keeley and Massoud, 1998) indicate major uplift and denudation of the Arabian-Nubian area (Fig. 3) . Similar evidence was also reported from the Tauride block (e.g. Monod and Akay, 1984) . Furthermore, Lower Jurassic faulting (Garfunkel and Derin, 1984) accompanied by alkaline magmatism (Kohn et al., 1993 ) is known mainly from northern Israel drillholes, but also from the Negev (Baer et al., 1995; Segev et al., 1996) . Segev (2000a) Massa and Delort, 1984) . Correlative magmatic rocks have also been found in oil wells in the northern Western Desert of Egypt (Keeley and Wallis, 1991) .
The widespread early Jurassic tholeiitic and alkaline magmatism in the eastern Mediterranean and NE African areas suggest that the main rift/drift event occurred during the Jurassic tectono-magmatic period. During this period the Mesotethys, or the present eastern Mediterranean area, began to open.
The Cretaceous Levant-Nubia province
After a quiescence of ca. 22 m.y. following the final magmatic activity in the Western Tethys province, a regional uplift and extensive denudation in the Levant area is well documented (Fig. 4) . At the beginning of the Cretaceous, a swell, several hundred kilometers wide, formed from Lebanon and Syria to Sinai (Garfunkel, 1989 (Garfunkel, , 1998 , and a similar feature is documented in northern Egypt, Libya, and Sudan (Reynolds et al., 1997) . Five cycles of magmatic events and quiescent intervals in Israel have been interpreted based on 40 Ar/ 39 Ar ages (Segev, 1998 (Segev, , 2000a Segev and Lang, 2001), namely: 138-132, 125-123, 116.5-107, 98 .5-94 m.y. and 82 Ma. The extrusive (prominently in northern Israel) and intrusive rocks, some of them exposed, are mainly subalkaline to alkaline basalts together with nephelinites, basanites, micro-gabbros, quartz-syenites and trachytes (Stein and Hofmann, 1992) . All these rocks are enriched in incompatible elements (e.g. LREE) and related to mantle plume Hofmann, 1992, 1994) . Some of the magmatic events marked local uplifts and erosion (Fig. 4) . Early Cretaceous basalt flows also cover wide regions in the Mardin Plateau and Palmyrides of Syria, and within the margins of the Euphrates graben in Iraq (Wilson and Guiraud, 1998) . Poorly age-constrained basalts are known from the Gulf of Suez (115-125 m.y.; Meneisy, 1990 ) and the Southeastern Desert of Egypt (ca. 141 and 90 Ma, Serencsits et al., 1981) .
Although the timings of the Cretaceous magmatic cycles in the Levant are well constrained, the geodynamic processes are less well-known. According to the plume evolution scenario, we would expect to find evidence for a rift/drift zone that might have been opened during this period. Such evidence has not yet been found and we can speculate that the explanations for the geodynamic processes in the Levant during mid-Cretaceous times may come from the major change of the plate tectonic regime when Africa and Euroasia began to converge. Though initiation of subduction in the Mesotethys is constrained by the 90-92 Ma age of the Troodos complex (Garfunkel, 1998) , the decay of the lithospheric stretching probably started in Early Cretaceous times. Therefore, the coexisting thermal plume caused thinning of the lithosphere, regional uplift, melting within the crust and the rise of magmas to the surface, without successful rifting. The decay of the Cretaceous plume in northern Gondwana marks the end of the lower mantle upwelling along the Tethyan super-province (Segev, 2000a) . 
The first tectonomagmatic period in southern Gondwana -the Karoo province
Before Early Jurassic times, the Gondwana supercontinent was bound on its southern (Proto-Pacific) side (Fig. 5 ) by an active subduction zone that formed the fold belts of South Africa, South America and southwest Antarctica (Ellsworth and Pensacola mountains) (e.g. . The initial Jurassic igneous activity in South Africa probably started ca. 204±5 Ma ( 40 Ar/ 39 Ar and Rb/Sr, Allsop and Roddick, 1984; Kent et al., 1992) at the northern margins of the Karoo province. It began with minor nephelinitecarbonatite-ijolite sills in eastern Zimbabwe and Kruger Park, kimberlite pipes in northeast Swaziland, and alkali Lawver et al., 1992) showing the Karoo igneous and plume province, and the breakup between east and west Gondwana, as well as the less known Northwest Australia province. For sources of magmatism distribution, location of plume head and geochronology, see text.
basalts and basanites at northern Lebombo and western Zambia ( Fig. 2 ; Eales et al., 1984) . The age of the major tholeiite outpouring in Namibia, Lesotho, southern Lebombo and the Antarctic Ferrar province was between 184 and 175 Ma (Minor and Mukasa, 1995; Brewer et al., 1996; Encarnación et al., 1996; Duncan et al., 1997; Elliot et al., 1999) . In the Chon-Aike province at Patagonia, South America, Antarctic Peninsula and Ellsworth Land, the magmatism started ca. 190 Ma (Millar and Pankhurst, 1987; Fanning and Laudon, 1997) and the main activity was also dated between 183 and 173 Ma (Millar and Pankhurst, 1987; Pankhurst et al., 1998) , with additional magmatism occurring between 168 and 141 Ma (Millar et al., 1990; Alric et al., 1996; Féraud et al., 1999) . This exceptionally long duration of the last magmatic event is probably due to the mixed environmentscontinental extension and subduction (Féraud et al., 1999) .
The last magmatic event (ca. 145 Ma) occurred at the tips of the Karoo igneous province, in Patagonia (Féraud et al., 1999) , in the Antarctic Peninsula (Vaughan and Millar, 1995; Vaughan et al., 1998; Vaughan et al., 1998) , in northern South Africa at the Bumbeni and Kuleni complexes (Hargraves et al., 1997; , and up to south Kerala, southern India (Radhakrishna et al., 1999) , and southeast Australia (Allen et al., 1997 (Allen et al., , 1998 .
During the Jurassic period, the Karoo area was uplifted about 1.5 km (Cox, 1989) , and the breakup of East Gondwana (India, Antarctica and Australia) from West Gondwana (Africa and South America) (Fig. 5 ) took place along a protooceanic rift -the Weddel Sea-Somali basin. This process was a result of the Karoo plume activity (Morgan, 1981; Cox, 1988; Duncan and Richards, 1991; Duncan et al., 1997) .
The eastern (Pacific) path
The Cretaceous Marie Byrd Land -Eastern Australia province
Following a quiescence of ∼15 m.y. after the final magmatic activity of the Karoo province (145-141 Ma), the initiation of magmatism in the Cretaceous was centered between Antarctica (Marie Byrd Land) and New Zealand (Weaver et al., 1994; Fig. 6 ). It comprised intensive activity along the eastern margin of Australia (Bryan et al., 1997) , and some activity along the margins of the Antarctic Peninsula (Weaver et al., 1994; Vaughan et al., 1998) . According to Bryan et al. (1997) . Generalized reconstruction of Early Cretaceous eastern Gondwana (mainly after Veevers et al., 1991; Weaver et al., 1994, and showing: (1) the Rajmahal-Kerguelen igneous and plume province, and the breakup between India and Antarctica; (2) the passive rifting between Australia and Antarctica; and (3) the Marie Byrd Land-East Australia igneous and plume province, as well as its consequent breakups. For sources of distribution of magmatism, location of plume head and geochronology, see text.
Fig. 6). It is situated at present to the north of the Chatham Rise, covering some 350 000 km 2 , and is interpreted as a region of thickened oceanic crust (10-15 km) related to a mantle plume (Davey and Wood, 1994; Mortimer and Parkinson, 1996) . Fig. 6 ) related this plume-derived excess melt production to the Marie Byrd Land plume, which was also responsible for the Marie Byrd Land mafic dike complexes. Reliable SHRIMP U/Pb ages from NE Australia (Allen et al., 1998) , Rb/Sr ages (listed in Bryan et al., 1997) and K/Ar mineral ages from northeast Australia, define an igneous event between 133 and 131 Ma. The major volcanism recorded between 124 and 107 Ma was probably divided into two magmatic events: 124-119 m.y. and ∼113-107 m.y. A younger magmatic event is recorded at about 95 Ma.
Syn-extensional granite from Marie Byrd Land yielded a U/Pb zircon age of 110±1 Ma , and the mafic dikes there average 107 Ma (Ar/Ar laser step heating; . Some of the dikes are younger and yielded a U/Pb zircon age of 100.6±0.7 Ma and an Ar/Ar age of 99.9 Ma (Palais et al., 1993; Mukasa et al., 1994) .
Felsic rocks of extensional alkaline magmatism in the western province of New Zealand yielded SHRIMP U/Pb ages between 114 and 109 Ma and at 82 Ma (Waight et al., 1998) . In the Antarctic Peninsula, the syn-extensional magmatism is dated between 141 (belonging to the Karoo province) and 127 Ma (reviewed by Vaughan et al., 1998) .
These igneous events fit well with the starting ages of continental extension phases between Australia and Antarctica (Veevers et al., 1990; Willcox and Stagg, 1990) .
Sea-floor ages between SE Australia and the Lord Howe Rise, related to the opening of the Tasman Sea, range from about 85 to 55 Ma (Veevers et al., 1991) , when the spreading ceased.
Uplifting and rifting between Marie Byrd Land and New Zealand (Weaver et al., 1994; as well as in the West Antarctic rift system is probably episodic and started at 110 Ma (according to fission-track age profiles, Stump and Fitzgerald, 1992) . The mid-Cretaceous reconstruction (Sutherland, 1999) of the consequential spreading ridge is depicted in Fig. 7 . Veevers et al., 1991; Sutherland, 1999) , and the SE Indian spreading ridge (Veevers et al., 1990; Sutherland, 1999) . Note the close relationships between the Tertiary-Recent Balleny and the Cretaceous Marie Byrd Land-East Australia igneous and plume provinces. Tas -Tasmania; ETP -east Tasmania plateau. For sources of distribution of magmatism, location of plume head and geochronology, see text.
The transition from Jurassic arc-magmatism to extensional magmatism along the Pacific margin of Gondwana, from the Antarctic Peninsula (Vaughan et al., 1998) , through New Zealand (Waight et al., 1998) to NE Australia (Bryan et al., 1997) , makes it difficult to identify the exact initiation of the Cretaceous plume head. (based on hot spot reconstruction) suggested that the plume head was located between Marie Byrd Land and New Zealand, but the earlier initiation of igneous activity in Eastern Australia and the location of the main rifts may position the plume head in the Tasman Sea. Therefore the latter sea opened over the Cretaceous plume and not over the Cenozoic Balleny plume.
6.2 The Tertiary-Recent Ross Sea-Tasmania province (Balleny plume)
Because the Ross Sea-Tasman igneous province extended (along ca. 4400 km) over the same exposed areas as the previous Cretaceous Marie Byrd Land -Eastern Australia province, it is difficult to distinguish between their ending and beginning (Fig. 7) . The evidence that the Tasman Sea ridge ceased spreading at about 55 Ma (Veevers et al., 1991) indicates some major changes in upper mantle circulation at this time. Although weak, Cenozoic igneous activities are reported from eastern Australia at ca. 56 and 44-42 Ma, the main basaltic outpouring took place between 34 and 20 Ma (K/Ar dates; reviewed by Griffin et al., 1987) . Basalts from the Soela Seamount on the East Tasman Plateau (ETP) yield an Ar/Ar age of 36 Ma (R.A. Duncan, in Lanyon et al., 1993) , and the bend located at Soela is inferred to be ∼43 Ma. The tholeiitic to alkalic basalts of Tasmania yield ages between ∼59 and 8 Ma (Sutherland, 1989) . Veevers et al. (1991) suggested that the ETP is a thick accumulation of basalt related to the Balleny plume activity.
Most of the quoted radiometric ages of this igneous province, which is still active at present, are K/Ar dates and therefore, the timing of the various magmatic events are not yet precisely established. The younger magmatic events in Eastern Australia occurred at 18-16 Ma and 3-0 Ma (listed by Griffin et al., 1987) .
The Marie Byrd Land Cenozoic alkaline basaltic activity (reviewed by started at ∼30 Ma and was associated with a positive geoide anomaly of 5-7 m with a diameter of ∼800 km. It is differentially uplifted by 600-2700 m over an area some 1000 km across, and with high heat flow. This, togeher with alkaline basalt volcanism as-sociated with the West Antarctic rift system (Kyle, 1990; Behrendt et al., 1994; Rocholl et al., 1995) at ∼30 Ma to Recent, is related to a mantle plume beneath Marie Byrd Land with a diameter of ∼600 km according to LeMasurier and Rex (1991) and 3500×2000 km according to Behrendt et al. (1992) . Lanyon et al. (1993) , following Vogt and Johnson (1973) , suggested a mantle plume beneath the Balleny Island chain. Contemporaneous alkaline volcanism is recorded along the Antarctic Peninsula (Hole and LeMasurier, 1994) .
The Ross Sea-Tasmania province probably belongs to a large elongated mantle current centered somewhere beneath the Ross Sea and resulted in the cessation of the Tasman spreading ridge and the onset of the Southeast Indian Ridge between southern Australia and Antarctica.
The northwestern (South Atlantic) path
The Cretaceous Paraná-Etendeka province
The Paraná Paleozoic sedimentary basin has a present-day exposure of some 1.2×10 6 km 2 where ∼75% of it is covered by Cretaceous magmatism (Piccirillo, et al., 1988) (Fig. 4) . The flood volcanism in the Paraná and the equivalent Etendeka magmatism in Namibia produced ∼1.5×10 6 km 3 of alkali volcanic rocks (Renne et al., 1992) , ranging from basalts to rhyolites. The Paraná basin was subjected to extension in Jurassic-Early Cretaceous time (Asmus and Baisch, 1983) and the volcanism, which started at ca. 138 Ma with a slow eruption rate, reached its maximum between 133 and 131 Ma and ended at ca. 127 Ma (Turner et al., 1994; Stewart et al., 1996) . The voluminous phase of tholeiitic volcanism was at 133-129 Ma (Renne et al., 1992 (Renne et al., , 1996 Stewart et al., 1996; Deckart et al., 1998) .
In northwestern Namibia, the most intense igneous activity took place between 134 and 130 Ma (Milner et al., 1993) . Some measurements of the Ponta Grossa dike swarm indicate minor magmatic events between 125 and 120 Ma, interpreted as reflecting the initiation of full drift in the adjacent South Atlantic opening (Renne et al., 1996) . The Alto Paranaiba (>15 000 km 3 ) volcanic field, Ipora as well as hypabyssal intrusions, kimberlites, dikes and other mafic potassic bodies surrounding the Paraná basin, yielded ages mainly between 85 and 80 Ma (Gibson et al., 1995 , Deckart et al., 1998 , and in western South Africa between 90 and 83 Ma (Allsop and Barrett, 1975) . Dikes near the coast yielded even younger ages ca. 70 Ma (Deckart et al., 1998) . These late magmatic events were interpreted by Gibson et al. (1995) as due to plume activity (Trindad plume), and they connect it to the Tertiary Trindad-Vitoria oceanic islands chain. VanDecar et al. (1995) found that a fossil plume still exists beneath South America even at the present day.
The Paraná-Etendeka igneous province is widely presumed to be related to the Tristan de Cunha plume (White and McKenzie, 1989; Turner et al., 1994) and the younger magmatic event (∼85 Ma), to the Trindad plume (Gibson et al., 1995) .
The initial tectonomagmatic period in northeastern Gondwana -the northwest Australia province
An active subduction in NE Gondwana, at the Paleotethys side, was bound by the Cimmerian continental fragments (e.g. Lawver et al., 1992) before the Early Jurassic. Less information on the Jurassic igneous province has been reported from the northeastern edge of Gondwana (Fig. 5 ) from northwest Australia (Mutter et al., 1988 (Mutter et al., , 1989 Hopper et al., 1992; Crawford and von Rad, 1994) . Magmatic activity along this margin (Scott and Exmouth plateaus) is known from evolved trachytic to rhyolitic lavas of mainly Early Jurassic age (von Rad et al., 1992) , which accompanied intensive intracratonic rifting. The magmatic activity near the Rowley Terrace-Scott plateau and the Exmouth plateau ended at ∼155 Ma (K-Ar date, Ludden, 1992) after a period of extension, rifting and breakup (Powell et al., 1988; Mutter et al., 1989 , Veevers et al., 1991 . White and McKenze (1989) related the west Australian plateau basalts to "a broad thermal anomaly generated by a mantle plume", whereas Crawford and von Rad (1994) attributed the Rowley Terrace-Scott plateau and Exmouth plateau to the Jurassic magmatism that jumped southward to the Wallaby and Naturaliste plateaus some 20-25 m.y. later (Valanginian) as part of the Kerguelen-Rajmahal plume.
The western (Indian) path
The Early Cretaceous Rajmahal -Kerguelen province
Extensional movements in "Greater India", East Antarctica and the western Australian margin (Kent, 1991) resumed during the Early Cretaceous after a long period of extension, rifting, breakup and drifting between northwest Australia-India and the Argo Land Mass (Powell et al., 1988) (Figs. 5, 6 ). According to Crawford and von Rad (1994) the breakup between India and Western Australia along the Cuvier and Gascoyne Abyssal Plains began around M11-M10 (132-130 Ma). The plateau basalts in this region that constitute the Wallaby and the Naturaliste plateaus are related to the Kerguelen-Rajmahal plume (Kent, 1991; Crawford and von Rad, 1994) . The 40 Ar/ 39 Ar ages of the Bunbury basalts in southwest Australia, which are part of the volcanism in the Naturaliste and the Wallaby plateaus, is 130±0.5 Ma (Pringle et al., 1994) and 115±2 Ma (Colvell et al., 1994) .
The uplift at the India-Antarctica boundary reached a maximum in the Early Cretaceous, when a variety of igneous rocks were emplaced into the East Antarctic and northeast Indian graben. On the northeastern Indian continent, the Rajmahal (exposed), Bengal (covered by the Gangetic alluvium) and Sylhet (exposed ∼400 km east of Rajmahal) traps initially covered ∼2×10 5 km 2 , and form a single flood basalt province (Baksi, 1995) . It consists of quartz tholeiites, alkali basalts and andesites with a total thickness of up to 600 m, which probably are linked to a variety of alkali igneous rocks (lamproites, lamprophyrs, pyroxenites, carbonatites and ijo- Dyment, 1991; Plummer, 1996) showing the Madagascar igneous and plume province, and the breakup between Madagascar and The Seychelles. For sources of distribution of magmatism, location of plume head and geochronology, see text.
lites) that intruded the East Antarctic and northeastern Indian grabens (Fig. 6 ). The basaltic volcanism was determined ( 40 Ar/ 39 Ar, and paleomagnetic evidence) by Sakai et al. (1997) to be 126-130 Ma, although Baksi (1995) interprets his 40 Ar/ 39 Ar dates at around 117 Ma. These volcanics formed seaward dipping flows largely buried beneath a sedimentary cover in the Bengal basin (Rajmahal) (Kent, 1991) and the large Kerguelen oceanic plateau (Frey et al., 2000) . The Kerguelen plateau basalts comprise an oceanic plateau which filled the space between India and Antarctica after the continental breakup and initial drifting at ≈110 Ma (reviewed by Frey et al., 2000) . Because of the scarcity of identifiable magnetic anomalies between India and Antarctica, the exact age of the onset of the ridge in this area cannot be determined more precisely than 118-128 m.y. (Lawver et al., 1991 (Lawver et al., , 1992 . The geochronological evidence shows that the timing of the predominantly Kerguelen-Rajmahal magmatism (126-110 Ma) is too young for it to have been involved in the initial breakup of this margin ∼130 Ma .
The Late Cretaceous Madagascar province
The Upper Cretaceous widespread igneous rocks of Madagascar are exposed along the 1500 km length of the east coast, which marks a rifted margin, and in basins in western Madagascar (Fig. 8) . This igneous sequence consists of basalt flows and dikes, some rhyolite flows and small gabbroic plutons . The Madagascar flood volcanics and the associated oceanic plateaus constitute a single igneous province (Coffin and Eldholm, 1994) , with an area of more than 1×10 6 km 2 , which related to the Marion mantle plume .
Reliable 40 Ar/ 39 Ar measurements of magmatic rocks from Madagascar yielded ages between 90.7±0.6 and 83.6±1.6 Ma Torsvik et al., 1998) , as well as a weighted mean 206 Pb/ 238 U zircon-baddeleyite age of 91.6±0.3 Ma, which marks the initiation of this magmatic event. These ages are concordant with the stratigraphic evidence in Madagascar and demonstrates a magmatic event that lasting 8 m.y. Equivalent conjugate basaltic volcanism is reported from the southern part of the Seychelles microcontinent (Plummer and Belle, 1995) , and gabbroic and felsic dike intrusions in southwest India (central and north Kerala) yielded 40 Ar/ 39 Ar ages at about 85 Ma (Radhakrishna et al., 1999) . The rifting between Madagascar and SeychellesIndia and the opening of the Mascarene basin took place after significant strike-slip faulting (Dyment, 1991; Plummer and Belle, 1995; Plummer, 1996) . Sea-floor spreading in the Mascarene basin started at about 80 Ma (magnetic anomaly C33; White and McKenzie, 1989) and ceased after 63 Ma (C28), when the spreading moved to the newly formed rift between the Seychelles and India (see below).
The Latest Cretaceous-Tertiary Deccan -Seychelles province
The Deccan Traps, which have an areal extent of 1.5 million km 2 over western India (Baksi, 1994) , are well known continental tholeiitic flood basalts (Fig. 9) . Much geochronological and paleomagnetic efforts (Courtillot et al., 1986 (Courtillot et al., , 1988 Courtillot, 1994, Hofmann, 1997) have been made to constrain the time interval of the main volcanic outpouring to no more than 1 Ma and to prove its temporal coincidence with the K-T boundary. Several 40 Ar/ 39 Ar geochronological studies of the ∼2000 m basaltic section yielded various age ranges: 68.5-66.7 Ma (Duncan and Pyle, 1988) , 69-65 Ma (Courtillot et al., 1988) ; 67-62.5 Ma (Venkatesan et al., 1993) . Basu et al. (1993) studied several alkaline igneous complexes within the basaltic province and their 40 Ar/ 39 Ar dates of biotite separates range between 68.5 Ma and 65 Ma. The above-mentioned results suggest that the main Deccan event lasted between 68.5 and 65 Ma (about 3.5 m.y.). In the north Karela area, southwest India, the subalkaline tholeiitic dolerite dike swarms, belonging to the Deccan event, yielded a larger range of plateau ages between 70 and 61 Ma (Radhakrishna et al., 1999) . Synchronously, there was volcanic activity on the central and northern continental Seychelles, which were than connected to "Greater India" (Fig. 9 ) (Plummer and Belle, 1995; Plummer, 1996) . The age of this magmatism in the Seychelles has been reported as: 66 Ma (K/Ar, Croxton et al., 1981) ; 64 Ma ( 40 Ar/ 39 Ar, Duncan and Hargraves, 1990) ; 63 Ma (Rb/Sr isochron, Dickin et al., 1986) . Early rifting in the central Deccan province (Fig. 9 ) presumably occurred between the Seychelles and India (Plummer and Belle, 1995) and along the Gop, Narmada-Son (Courtillot et al., 1999) and maybe the Koyana and Cambay rifts (Basu, et al., 1993) . The successful breakup and initiation of oceanic crust, ∼65 Ma (slightly older than C28), took place along the western coast of India, where the Central Indian seafloor spreading ridge was formed after jumping from the Mascarene ridge which ceased spreading.
The Tertiary-Recent Afar province
The Afar plume impinged the base of the African stable and cool (Zeyen et al., 1997) lithosphere below Kenya and south Ethiopia (Fig. 10) in the Eocene, when the East African rift area started to uplift followed by initial and scarce volcanic eruptions between ca. 40 and 34 Ma (Ebinger et al., 1993; George et al., 1998) . After some northward propagation, the dominant volcanic outpouring in Ethiopia and Yemen formed typical flood volcanism (CFV), lasting between 31 and 28 Ma (Baker et al., 1996; Hofmann et al., 1997) , although the whole magmatic event continued until 19 Ma with varying intensities. Two distinct pulses of uplift and rift- Basu et al., 1993; Plummer and Belle, 1995 , Plummer, 1996 , and Courtillot et al., 1999 , showing the Deccan igneous and plume province, and the breakup between the Seychelles and India. For sources of distribution of magmatism, location of plume head and geochronology, see text. SR -Sri Lanka; CSR -Carlsberg ridge.
ing have been suggested by Omar and Steckler (1995) , the first anywhere from 30 to 35 Ma (Courtillot et al., 1999) , and the second between 20 and 25 Ma. These extensional tectonics caused updoming, with the center above the plume (Fig. 3) , and rifting parallel to extensional stress in the lithospheric mantle (Zeyen et al., 1997) . True seafloor spreading in the Red Sea rift initiated later than ∼20 Ma (Courtillot et al., 1999) , whereas the magmatism over the whole Afar igneous province continued in two more cycles (ca. 16-11 and 6-0 Ma) up to recent time (Segev, 2000a) . Although the Afar province has been active for more than ca. 40 m.y., the newly formed Red Sea and Gulf of Aden oceanic basins are relatively narrow, as a result of regional plate tectonic constraints.
Discussion and conclusions
Two main lines of factual data are used in this study: (1) Surface and sub-marine geology -the distribution of igneous provinces, mainly flood basalts and oceanic plateaus, that took part in the Gondwanan lithospheric breakup process; and (2) Geochronology -up-to-date reliable chronology of magmatic events in each of the described igneous provinces. The synthesis of geological and geochronological evidence dealing with the spatial (Fig. 11) and temporal Davison et al., 1994 and Baker, et al., 1996) , showing the Afar igneous and plume province, and the breakup between Africa and Arabia. For sources of distribution of magmatism, location of plume head and geochronology, see text.
( Fig. 12 ) distribution of igneous provinces, associated by domal uplift, rifting and breakup of the continental lithosphere of Pangaea and later on Gondwana, adopted the mantle plume theory as the principal cause for these phenomena (e.g. Courtillot et al., 1999; Segev, 2000a ).
The plate reconstruction, which was made by several researchers using geophysical evidence, presented here schematically for better understanding the consequence of each plume and for display the different tectonic setting where the later plume was acted. The relationships between the plume provinces and the plate motions are beyond the scope of the present paper.
Initiation of first generation plumes
Since the assembly of Pangaea during Permo-Carboniferous times, three plume provinces marks the first generation of powerful lower mantle upwelling plumes (Figs. 11, 12 ):
1. The Permo-Carboniferous European-northwestern Africa plume, which started the breakup of the Pangaea supercontinent into the northern Euroasia and the southern Gondwana fragments. This plume emplaced close to the center of Pangaea (Doblas et al., 1998) and close to the Carboniferous Variscan orogen.
2. The Jurassic Karoo plume, which was located north of the Pacific (southern Gondwana) subduction belt, caused the breakup between east and west Gondwana. 3. The Jurassic northwestern Australia plume, emplaced close to the active margins of the southeast Neotethys, initiated the opening of the Indian Ocean.
The above mentioned plumes are closely associated with convergent environments, one orogen and two subduction zones. Therefore, they indicate a cogenetic relationships between initial plumes and convergence, or actually to the downwelling lithospheric slabs.
Although each of these plumes met different lithospheres (orogen -EUNWA, craton -Karoo, and plate margins -NW Australia), the consequential large quantities of melts, lithospheric rifting, breakup and formation of oceanic spreading center typify them all.
As shown by seismic structure of slabs, the subducting plates cross the 660 km discontinuity and sink down toward the core mantle boundary (CMB) (van der Hilst and Seno, 1993; van der Hilst et al., 1997; Bijwaard and Spakman, 1998) . Such a process causes significant instability at the 660 km depth seismic discontinuity and also close to the CMB. Models of convection showed that new plumes might form as a result of boundary layer instabilities (Whitehead and Chen, 1970; Dubuffet et al., 2000) .
Plume migration
The detachment of Gondwana from Pangaea
The Permo-Carboniferous (∼320-275 m.y.) EUNWA plume activity in central Pangaea (Doblas et al., 1998) preceded led to the opening of the Permo-Triassic Neotethys (Fig. 2) , and to intensive rifting in northern Europe and toward the Central Atlantic and the Levant areas (Ziegler, 1990; Guiraud, 1998; Segev, 2000b) . After a few tens of million of years, two nearly synchronous adjacent Jurassic plumes developed toward the Central Atlantic (southwestern path) and the Western Tethys (southeastern path; Figs. 11, 12) . The spatial overlapping between the EUNWA plume and the newly formed Jurassic plumes, as well as their periodic age progression, connect these plumes to the same genetic process of uprising lower mantle material. These second-generation plumes caused the complete detachment of Gondwana from Eurasia, and mark the development of two migrating lower mantle upwelling flows (the plume activities within the latter supercontinent were not included in the present study).
Newly formed third-generation Cretaceous plumes, Equatorial Atlantic on the southwest path (138-68 m.y.) and the Levant-Nubia (138-83 m.y.), on the southeast path, occurred with the same trend in each of these paths. The latter ceased abruptly in the Late Cretaceous as a result of change in the plate tectonic configuration, whereas the magmatic activity in the Equatorial Atlantic ceased progressively in the Tertiary. Whereas the magmatism in the Equatorial Atlantic started in the latest Jurassic and periodically acted synchronously with the Paraná-Etendeka province, the area remains closed until 119-120 Ma.
12.2 The break-up of Gondwana to east and west sectors and their southern dispersal Similar to northern Gondwana, the evolutionary scenario of the Jurassic (∼204-142 m.y.) the Karoo initial plume, which caused the breakup between east and west Gondwana along the proto-oceanic rift between the Weddel Sea and Somali basin (Fig. 5) , developed in southern Gondwana. A minor rifting phase from the southernmost tip of the South Atlantic up to the vicinity of the Salado Basin in South America, started close to the end of the Karoo province (Nürnberg and Müller, 1991) . Although the trend of the main continental breakup was SSW-NNE, the dispersal of the magmatism toward Patagonia (South America) and Victoria (SE Australia) took place along a nearly normal trend, sub-parallel to the Pacific subduction zone.
After the Karoo plume activity, two adjacent Cretaceous second-generation offshoot plumes developed on two opposite edges along the WNW (Paraná-Etendeka) -ESE (Marie Byrd Land-East Australia) direction (Figs. 11, 12) . The Paraná-Etendeka plume (138-83 m.y.), which is a wellstudied feature , caused the breakup between Africa and South America (Fig. 4) , and the Marie Byrd Land-East Australia plume (133-82 m.y.), caused the breakup between Antarctica and New Zealand and the opening of the Tasman Sea Fig. 6) . The latter had an overlapping Tertiary-Recent third generation plume (Balleny) that changed the tectonic setting of the previous plume. In the Paraná-Etendeka province, the magmatism continued up to 83 Ma in volcanic fields (Alto Paranaiba) and various igneous intrusions surrounding the Paraná basin (Gibson et al., 1995) . Africa and South America are assumed by Nürnberg and Müller (1991) to have been rigidly attached until magnetic Chron M4 (ca. 127 Ma), and between this Chron and Chron M0 (118.7 Ma) the rifting propagated northward into the Benue Trough. Evidence is lacking for younger third plume evolution (updoming, new rifting, changing of extensional directions and continental breakup) in both parts of this province. In the Paraná area, intrusions of dikes until 70 Ma have been reported (Deckart et al., 1998) , and alkaline magmatism in eastern Paraguay is known until the Tertiary (Comin-Chiaramonti et al., 1999) . Furthermore, Tertiary oceanic islands magmatism in the southern Atlantic Ocean (Trindad-Vitoria, Walvis ridge and Rio Grande rise) represents a major phase of late-stage alkaline volcanism that followed the main plume activity. This evidence, as well as the arguments about a recently existing fossil plume beneath the Paraná basin (VanDecar et al., 1995) , point to a progressive decay (lasting ∼80 m.y.) of the Paraná-Etendeka plume.
12.3 The dispersal of the northern part of east Gondwanathe Indian path
The Jurassic igneous province of northwest Australia is poorly defined since it includes either poorly accessible continental margins and oceanic plateaus (Rowley Terrace-Scott plateau and Exmouth plateau), or subducted lithospheric fragments toward the north. The present evidence indicates intensive magmatism, extension, rifting and breakup of this area (Powell et al., 1988; Mutter et al., 1989 , Veevers et al., 1991 . The final magmatism of this first-generation plume (White and McKenzie, 1989 ) is dated about 155 Ma, and its possible expansion toward the Pacific (exterior Gondwana) is not included in the present study. The second generation Early Cretaceous plume (Rajmahal-Kerguelen) migrated southeastward toward the area between India and the stillattached Australia and Antarctica (Fig. 6 ). At this new position it first produced the Wallaby and Naturaliste plateaus (Crawford and von Rad, 1994) , as well as the better defined Bunbury basalt (130±0.5, Pringle et al., 1994) , which is the oldest rock studied. The limited access to the lower parts of these oceanic plateaus, as well as to the Kerguelen plateau, prohibited measuring their initiation. The contemporaneous initiation of seafloor spreading off the western Australian margin (Powell et al., 1988) indicates an earlier beginning of magmatism. The age herein predicted is ∼138 Ma, which is the synchronous magmatic event that initiated the South Atlantic, Equatorial Atlantic, Levant-Nubia and Marie Byrd Land-East Australia igneous provinces (Segev, 2000a) . The main basaltic outpouring along the boundary between India and Antarctica (Rajmahal, Bengal basin and Kerguelen) took place between 117 and 109 Ma (reviewed by Segev, 2000a) alongside the development of the oceanic spreading center (Gopala Rao and Krishna, 1997) . Oceanic island magmatism in the eastern Indian Ocean (Ninetyeast and Broken Ridges), that represents the late-stage alkaline volcanism after the main plume activity, continued up to Tertiary times. A third generation plume along the same westward trend produced large quantities of melts in Madagascar, Madagascar plateau and the Seychelles area (Fig. 8) since 92 Ma.
These evidence points to relatively rapid migration (about 40 m.y.) and reactivation of this lower mantle current that jumped northeastward, for its fourth time, below western India and the Seychelles some 24 m.y. later (lasted 69-62 m.y.). The reason for treating each of these plumes separately is the complete evolutionary sequence that they produced, from updoming through flood basalts, breakup and opening of new spreading ridge. The fifth, and the last, generation of this rapidly migrating current is the Afar plume, which started at 40 Ma and continues to the present.
The position of these plumes relative to the African plate (Fig. 11) demonstrates a swarm of close plumes that migrated predominantly along the same westward trend.
To sum up: The initial plumes, the better known EU-NWA and the Karoo, as well as the lesser known Northwest Australia, differ from the others by their larger diameter (∼3000 km compared to about 2000 km) and the apparently radial dispersion of magmatism and rifting, although they all have only a single spreading system along their main rift. The formation of such a spreading system in all the studied plumes of Gondwana strengthens the view that they led to a newly established extensional regime caused by the divergent upper mantle circulation (Segev, 2000a) . This interpretation does not negate the existence of "passive rifts" that are not connected directly to mantle plumes. For example, the Southeast Indian Ridge between southern Australia and Antarctica may represent such a case, although it might have been strongly influenced by the Balleny plume activity.
Comparison between the studied plumes and their paths emphasizes the exceptional behavior of the Indian plume swarm where part of the magmatic events (Madagascar and Deccan), which lasted ca. 8 m.y., represents an entire plume evolution (Fig. 12) . Moreover, this is the only path where the migrating current significantly changed course from the main trend (Fig. 11) . The short-lasting and relatively close plume swarm may point to a similar deep (Lower mantle) source, and the change in course might have occurred because of an interruption of a deep northeastward weak flow. The recurring consequential breakup and formation of spreading centers along the Indian path is indicative of migration below the upper mantle circulation, leading later to divergent circulation in it and lithospheric breakup. The findings of the present study emphasize a spatial difference between the plume province and the wider, igneous province; the latter is generally about three times greater along its extended axis than that of the plume province. A well-exposed example is the Afar plume province (Fig. 10 ) of ca. 2000 km compared to the ca. 6000 km igneous province. The Afar plume head is defined as the fifth plume generation along the Indian path and, as suggested above, it migrated within the lower mantle. The large northward volcanic fields (Harrats), mainly along the western margin of the Arabian plate, and the southward volcanism along the Western and Eastern African rifts, which are a continuous dispersion of the volcanic activity outward from the plume province, probably represent the sub-lithospheric migration of the Afar plume.
